Effects of Freeze-thaw History on Bearing Capacity of Granular Base Course Materials  by Kawabata, Shinichiro et al.
doi: 10.1016/j.proeng.2016.06.134 

(IIHFWVRI)UHH]H7KDZ+LVWRU\RQ%HDULQJ&DSDFLW\
RI*UDQXODU%DVH&RXUVH0DWHULDOV
6KLQLFKLUR.DZDEDWD7DWVX\D,VKLNDZDDQG6KXLFKL.DPH\DPD
1 Hokkaido University of Science, Hokkaido, Japan 
2Hokkaido University, Hokkaido, Japan 
3 Hokkaido University of Science, Hokkaido, Japan 
kawabata@hus.ac.jp, t-ishika@eng.hokudai.ac.jp, kameyama@hus.ac.jp 
 
 
 

$EVWUDFW 
:HXVHGDQHZO\GHYHORSHGIUHH]H±WKDZ&DOLIRUQLDEHDULQJUDWLR&%5WHVWDSSDUDWXVWRLQYHVWLJDWHWKH
HIIHFWVRIIUHH]H±WKDZKLVWRU\RQWKHEHDULQJFDSDFLW\FKDUDFWHULVWLFVRIJUDQXODUEDVHFRXUVHPDWHULDO
,WZDV IRXQG WKDW&%5ZDV UHGXFHG E\ IUHH]HWKDZ XQGHU DOOZDWHU FRQWHQW FRQGLWLRQV 7DNLQJ WKH
H[DPSOHRI&ZKLFKLVIUHTXHQWO\XVHGDVDEDVHFRXUVHPDWHULDOIUHH]H±WKDZF\FOHVUHGXFHG&%5
WRDERXWWLPHVLWVLQLWLDOYDOXH:HIRXQGYROXPHH[SDQVLRQLQHYHQQRQIURVWVXVFHSWLEOH&DQG
WKHUHIRUHLQYHVWLJDWHGFKDQJHVLQSDUWLFOHSRUHZDWHUGXHWRIUHH]H±WKDZF\FOHV:HIRXQGWKDWIUHH]LQJ
FDXVHVSDUWLFOHSRUHZDWHUWREHGLVORFDWHGWRSDUWLFOHVXUIDFHVWKHUHE\FDXVLQJLQWHUSDUWLFOHIULFWLRQDQG
DOWHULQJWKHYRLGVWUXFWXUH

Keywords:%DVHFRXUVHPDWHULDO&%5)UHH]HWKDZDFWLRQ3DUWLFOHSRUHZDWHU
 ,QWURGXFWLRQ
,QFROGUHJLRQVOLNH-DSDQ¶V+RNNDLGRSUHIHFWXUHWKHLQWHULRURISDYHPHQWIUHH]HVGXULQJZLQWHUDQG
IURVWKHDYHRIVXEJUDGHVRLORIWHQFDXVHVSDYHPHQWVXUIDFHVWREXPSDQGFUDFN7KDZLQJRIVXEJUDGH
WKDWKDVH[SHULHQFHGIURVWKHDYHORZHUVLWVEHDULQJFDSDFLW\SURPRWLQJSDYHPHQWGHJUDGDWLRQ%HFDXVH
WKHHIIHFWVRIIURVWKHDYHDQGIUHH]H±WKDZF\FOHVDUHSDUWLFXODUO\SURQRXQFHGZKHQVXEJUDGHIUHH]HV
URDGV LQ-DSDQ¶VFROGUHJLRQVDUHEXLOWDIWHU UHSODFLQJVXEJUDGHZLWKQRQIURVWVXVFHSWLEOHVRLOV WRDW
OHDVWPD[LPXPIURVWSHQHWUDWLRQGHSWK
7KHHIIHFWRIIUHH]H±WKDZDFWLRQRQQRQIURVWKHDYHW\SHVXEEDVHVKDVEHHQFRQVLGHUHGWREHOHVV
WKDQWKDWRIVXEJUDGHVWKDWH[KLELWVLJQLILFDQWHIIHFWVRIIURVWKHDYHDQGIUHH]H±WKDZEXWWKHUHKDYHEHHQ
UHFHQWUHSRUWVWKDWVXEEDVHDOVRH[SHULHQFHVFKDQJHVLQPHFKDQLFDOEHKDYLRUGXHWRIUHH]H±WKDZDFWLRQ
)RUH[DPSOHVHYHUDOLQYHVWLJDWLRQVLQ+RNNDLGRIRXQGORZHUHGVXEEDVHEHDULQJFDSDFLW\GXULQJWKDZV
DQGWKLVLVWKRXJKWWREHLQIOXHQFHGE\VHDVRQDOYDULDWLRQLQZDWHUFRQWHQWUHVXOWLQJIURPIUHH]H±WKDZ
$FFRUGLQJO\WKHDLPRIWKLVVWXG\ZDVWRHOXFLGDWHWKHHIIHFWVRIIUHH]H±WKDZKLVWRU\RQWKHEHDULQJ
FDSDFLW\RIJUDQXODUVXEEDVHPDWHULDOVWKURXJKODERUDWRU\WHVWLQJ
Procedia Engineering
Volume 143, 2016, Pages 828–835
Advances in Transportation Geotechnics 3 . The 3rd
International Conference on Transportation Geotechnics
(ICTG 2016)
828 Selection and peer-review under responsibility of the Scientiﬁc Programme Committee of ICTG 2016
c© The Authors. Published by Elsevier B.V.

 0DWHULDOVDQG0HWKRGV
 ([SHULPHQWDO6DPSOHVDQG6SHFLPHQ3UHSDUDWLRQ&RQGLWLRQV
:HXVHGIRXUVDPSOHVIRUWKHH[SHULPHQWV7KHSULPDU\VDPSOHZDV&DQDWXUDOFUXVKHGVWRQH
W\SLFDOO\XVHGDVDVXEEDVHPDWHULDOZKLFKZDVVHOHFWHGIRUFRPSDULVRQZLWKWKHRWKHUPDWHULDOV7KH
FRPSDUHG PDWHULDOV ZHUH UHF\FOHG FRQFUHWH DJJUHJDWH 5& FUXVKHG PRUWDU DQG 2\DWXII 7KH
JUDQXODULW\RIDOOVDPSOHVZDVDGMXVWHGWRFRQIRUPWRWKHGLVWULEXWLRQVKRZQLQ)LJXUH
2\DWXIILVDOLJKWZHLJKWVRIWSRURXVWXIIZLWKKLJKZDWHUDEVRUSWLRQ6XFKVRIWVWRQHLVQRUPDOO\
QRWXVHGDVDVXEEDVHPDWHULDOEXWZHVHOHFWHGLWRQWKHDVVXPSWLRQWKDWLWVKLJKZDWHUDEVRUSWLRQZRXOG
FDXVHLWWREHVWURQJO\DIIHFWHGE\IUHH]H±WKDZF\FOHV6LPLODUO\PRUWDULVQRWDW\SLFDOVXEEDVHPDWHULDO
EXWLWZDVVHOHFWHGWRDOORZFRQVLGHUDWLRQRIWKHGLIIHUHQFHVEHWZHHQ&DQG5&7DEOHVKRZV
WKHEDVLFSURSHUWLHVRIHDFKPDWHULDO
)LJXUHVKRZVWKHIORZRIVSHFLPHQSUHSDUDWLRQ6SHFLPHQVZHUHSUHSDUHGE\FRPSDFWLQJDLUGULHG
VDPSOHVZLWKDYLEUDWRU:HDOVRSUHSDUHGVSHFLPHQVIURPGULHGVDPSOHVIRUFRPSDULVRQ6SHFLPHQV
FUHDWHGE\DLUGU\LQJDUHODEHOHGDV³DLUGULHG´VSHFLPHQV$LUGULHGVSHFLPHQVZHUHIXUWKHUVDWXUDWHG
ZLWKZDWHUWRFUHDWH³VDWXUDWHG´VSHFLPHQVDQGVDWXUDWHGVSHFLPHQVZHUHGUDLQHGE\JUDYLW\WRSURGXFH
³ZHW´VSHFLPHQV







)LJXUH*UDLQVL]HGLVWULEXWLRQRIVDPSOHV






    
3H
UF
HQ
WD
JH
S
DV
VL
QJ


*UDLQVL]HPP

 & 5& 0RUWDU 2\DWXII
3DUWLFOH
GHQVLW\JFP    
:DWHU
DEVRUSWLRQ    
$EUDVLRQORVV
    
7DEOH3URSHUWLHVRIWHVWPDWHULDOV


)LJXUH6SHFLPHQSUHSDUDWLRQIORZ
'ULHG VDPSOHV
$LUGULHG
FRQGLWLRQ
:HW
FRQGLWLRQ
6DWXUDWHG
FRQGLWLRQ
'U\
FRQGLWLRQ
$LUGULHG VDPSOHV
&RPSDFWHG ZLWK YLEUDWRU
K
K
K
6DWXUDWHG
'UDLQHG E\
JUDYLW\
)UHH]HWKDZ WHVW


)LJXUH)UHH]H±WKDZ&%5WHVWLQJDSSDUDWXV
:DWHU VXSSO\
 GUDLQDJH
:DWHU VXSSO\
 GUDLQDJH
&RRODQW
FLUFXODWLQJ OLQH
&RRODQW
FLUFXODWLQJ OLQH
&RRODQW
FLUFXODWLQJ OLQH
&RRODQW
FLUFXODWLQJ OLQH
,QVXODWLRQ
$FU\OLF FHOO
7RS FRROLQJ SODWH
%DVH FRROLQJ SODWH
7HPSHUDWXUH
VHQVRU SW

3RURXV PHWDO
ZLWK ILOWHU SDSHU
3RURXV PHWDO
ZLWK ILOWHU SDSHU
O-ring
6XUFKDUJH


Eﬀects of Freeze–Thaw History on Bearing Capacity of Granular Base ... Kawabata et al.
829

 )UHH]H±7KDZ&%57HVW
)LJXUH  VKRZV DQ RYHUYLHZ RI WKH IUHH]H±WKDZ &%5 WHVWLQJ DSSDUDWXV ZKLFK ZDV FUHDWHG E\
PRGLI\LQJDVWDQGDUG&%5WHVWLQJDSSDUDWXVWRDOORZODERUDWRU\UHSURGXFWLRQRIDIUHH]H±WKDZKLVWRU\
OLNHWKDWSUHVXPHGWREHH[SHULHQFHGE\LQVLWXJURXQGPDWHULDOV&RROLQJSODWHVDSSOLHGWRXSSHUDQG
ORZHUVSHFLPHQVXUIDFHVDUHFDSDEOHRILQGHSHQGHQWWHPSHUDWXUHFRQWURODQGDUHVXLWDEOHIRUIURVWKHDYH
WHVWLQJDFFRUGLQJWRWKHVWDQGDUG-DSDQHVH*HRWHFKQLFDO6RFLHW\-*6PHWKRG
,QWKHVWDQGDUGIURVWKHDYHWHVW WKHWHPSHUDWXUHRIWKHWRSFRROLQJSODWHLVIL[HGDW&DQGWKH
WHPSHUDWXUHRIWKHEDVHFRROLQJSODWHLVJUDGXDOO\ORZHUHG7KHIUHH]HUDWHLVNHSWDW±PPKVRD
VLQJOHIUHH]H±WKDZF\FOHWDNHVDSSUR[LPDWHO\ZHHN5HSHDWHGIUHH]H±WKDZWHVWVWKHUHIRUHUHTXLUHD
YHU\ ORQJ WLPH7RUHGXFH WKH UHTXLUHG WLPHZHGHYHORSHGDFRQVWDQWWHPSHUDWXUHPHWKRG LQZKLFK
ZDWHUDEVRUSWLRQRUGUDLQDJHDUHVXSSUHVVHGE\NHHSLQJWKHWRSDQGEDVHSODWHVDWDFRQVWDQWWHPSHUDWXUH
,QWKLVPHWKRGIUHH]H±WKDZFRQGLWLRQVDUHVXFKWKDWIUHH]LQJRFFXUVRYHUKZLWKWKHSODWHVKHOGDWD
FRQVWDQW±&WKHQWKDZHGRYHUKZLWKWKHSODWHVDW&7KLVSURFHVVLVGHILQHGDVRQHF\FOH
)LJXUHFRPSDUHV&%5IRU&XQGHUWKH-*6PHWKRGDQGWKHFRQVWDQWWHPSHUDWXUHPHWKRG$V
WKDWILJXUHVKRZVWKHUHZDVQRVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHWZRPHWKRGVGHVSLWHWKHFRQVWDQW
WHPSHUDWXUHPHWKRGUHTXLULQJRQO\RQHWHQWKWKHWLPHRIWKH-*6PHWKRG)URPWKHVHUHVXOWVZHDGRSWHG
WKHFRQVWDQWWHPSHUDWXUHPHWKRGIRUIUHH]H±WKDZWHVWV1RWH WKDW WKHWHVWVDUHEDVHGRQRQHDQGILYH
IUHH]H±WKDZF\FOHV

 3DUWLFOH3RUH:DWHUGXHWR)UHH]LQJ
7R FRQVLGHU WKH SRVVLELOLW\ RI SDUWLFOH SRUHZDWHU EHLQJ H[SHOOHG WR WKH SDUWLFOH VXUIDFHV GXH WR
IUHH]LQJZHLQYHVWLJDWHGWKHWHPSRUDOYDULDWLRQRISDUWLFOHSRUHZDWHUFRQWHQWGXHWRIUHH]LQJ:HXVHG
DVDWXUDWHGVSHFLPHQZLWKDGU\VXUIDFHDQG±PPGLDPHWHUSDUWLFOHVDVWKHWHVWPDWHULDO7HVWVZHUH
SHUIRUPHGXQGHU³FORVHG´FRQGLWLRQVLQDFORVHGFRQWDLQHUDQG³RSHQ´FRQGLWLRQVLQDWUD\&ORVHGWHVWV
ZHUHSHUIRUPHGDVVXPLQJZHWDQGVDWXUDWHGFRQGLWLRQVWKDWGRQRWIHDWXUHDLUGU\LQJDQGRSHQWHVWV
ZHUHSHUIRUPHGDVVXPLQJFRQGLWLRQV WKDW LQFOXGH DLUGU\LQJ6SHFLPHQVZHUH IUR]HQRYHUK LQ D
IUHH]HUDW±&DQGWKDZHGRYHUKDWURRPWHPSHUDWXUH)RUFRPSDULVRQZHSUHSDUHGERWKFORVHG
DQGRSHQVSHFLPHQVNHSWDWURRPWHPSHUDWXUH7KHWHVWSHULRGZDVZHHNDQGVSHFLPHQVZHUHZHLJKHG
HYHU\K



)LJXUH&RPSDULVRQRI&%5E\IUHH]LQJPHWKRG







$LUGULHG :HW 6DWXUDWHG
&
%
5


-*6
&RQVWDQWWHPSHUDWXUH&

)LJXUH&KDQJHVLQ&%5GXHWRIUHH]H±WKDZ







       
&
%
5


1XPEHURIIUHH]HWKDZF\FOHVN
$LUGULHG
:HW
6DWXUDWHG
'U\
&
Eﬀects of Freeze–Thaw History on Bearing Capacity of Granular Base ... Kawabata et al.
830

 5HVXOWVDQG'LVFXVVLRQ
 (IIHFWVRI)UHH]H±7KDZ+LVWRU\RQ&%HDULQJ&DSDFLW\
 (IIHFWVRI)UHH]H±7KDZ+LVWRU\RQ&%5
)LJXUHVKRZVFKDQJHVLQ&&%5GXHWRIUHH]H±WKDZKLVWRU\1RWH WKDWIUHH]H±WKDZF\FOH
LQGLFDWHVWKHXQIUR]HQFRQGLWLRQ7KHILJXUHVKRZVWKDWIUHH]H±WKDZKLVWRU\GHFUHDVHG&%5XQGHUWKRVH
FRQGLWLRQVWKDWLQFOXGHZDWHU&DOFXODWLQJWKH&%5UHGXFWLRQUDWLRIURPWKHUHVXOWVRIIUHH]H±WKDZF\FOHV
DWN DQGN ZHILQGWKDWERWKRIWKHZHWFRQGLWLRQVKDGVLPLODUUDWLRVRIDSSUR[LPDWHO\
:HQH[WIRFXVRQWKHUHODWLRQEHWZHHQGU\DQGDLUGULHGFRQGLWLRQVLQ)LJXUH:KLOHERWKWKHVH
FRQGLWLRQVKDYHWKHVDPH&%5LQWKHXQIUR]HQN VWDWHDWN WKHUHLVDODUJHUGHFUHDVHLQ&%5
XQGHUWKHDLUGULHGFRQGLWLRQV7KHGLIIHUHQFHEHWZHHQWKH WZRLV WKHZDWHUFRQWHQWFRQWDLQHGZLWKLQ
SDUWLFOHSRUHVWKHDLUGULHG&VSHFLPHQKDVSDUWLFOHSRUHZDWHUFRQWHQW,QWKHXQIUR]HQVWDWH
WKH GULHG DQG DLUGULHG VDPSOHV KDYH VLPLODU SDUWLFOH VXUIDFH FRQGLWLRQV DQG WKXV VLPLODU OHYHOV RI
LQWHUSDUWLFOH IULFWLRQ OLNHO\UHVXOWLQJLQVLPLODU&%5,WDSSHDUV WKDWVOLJKWYDULDWLRQLQZDWHUFRQWHQW
UHVXOWHGLQGLIIHUHQFHVLQVWDWHFKDQJHVGXHWRWKHIUHH]H±WKDZHIIHFWV
6LPSOHFDXVHVIRUWKLVPLJKWEHZHDNHQLQJRIVRLOSDUWLFOHVE\IUHH]H±WKDZF\FOLQJWKDWUHVXOWVLQ
WKHLUEUHDNDJHRUIUHH]HH[SDQVLRQRISRUHZDWHUWKDWDOWHUVWKHYRLGVWUXFWXUH+RZHYHULWVHHPVXQOLNHO\
WKDWYRLGVWUXFWXUHFKDQJHVGXHWRIUHH]HH[SDQVLRQZHUHDFDXVHIRUDLUGULHGVSHFLPHQV
 3DUWLFOH%UHDNDJHGXHWR)UHH]H±7KDZ+LVWRU\
)LJXUHVKRZVFKDQJHVLQ0DUVDO¶VEUHDNDJHIDFWRUGXHWRIUHH]H±WKDZKLVWRU\7KHILJXUHVKRZV
WKDWWKHEUHDNDJHIDFWRULQFUHDVHVZLWKWKHQXPEHURIF\FOHVNVXSSRUWLQJWKHK\SRWKHVLVWKDWSDUWLFOH
EUHDNDJHZDVDIDFWRULQWKHUHGXFHG&%5)LJXUHVKRZVWKHUHODWLRQEHWZHHQ0DUVDO¶VEUHDNDJHIDFWRU
DQG&%57KHWZRDUHFRUUHODWHGDQGFRQVLGHULQJRQO\WKLVUHODWLRQZHFDQLQWHUSUHW&%5DVEHLQJ
GHFUHDVHGE\SDUWLFOHEUHDNDJHGXHWRIUHH]H±WKDZF\FOHV7KHVHUHVXOWVDORQHKRZHYHUDUHLQVXIILFLHQW
WRHVWDEOLVKSDUWLFOHEUHDNDJHDVDGLUHFWVXSSRUWLQJIDFWRULQWKH&%5UHGXFWLRQ
 0RYHPHQWRI3DUWLFOH3RUH:DWHUGXHWR)UHH]LQJ
)LJXUHVKRZVFKDQJHVLQIURVWKHDYHDPRXQWFXPXODWLYHGLVSODFHPHQWIURPWKHLQLWLDOKHLJKWDIWHU
ILYHIUHH]H±WKDZF\FOHVN 7KHIURVWKHDYHDPRXQWVLJQLILFDQWO\LQFUHDVHGZLWKNDQGWKHVL]HRI


)LJXUH&KDQJHVLQSDUWLFOHEUHDNDJHGXHWR
IUHH]H±WKDZ






       
0
DU
VD
O
V
E
UH
DN
DJ
H
ID
FW
RU


1XPEHURIIUHH]HWKDZF\FOHVN
$LUGULHG
:HW
6DWXUDWHG
&

)LJXUH5HODWLRQEHWZHHQ&%5DQG0DUVDO¶V
EUHDNDJHIDFWRU







    
&
%
5


0DUVDO
VEUHDNDJHIDFWRU
$LUGULHG
:HW
6DWXUDWHG
&
Eﬀects of Freeze–Thaw History on Bearing Capacity of Granular Base ... Kawabata et al.
831


WKHLQFUHDVHZDVODUJHUIRUKLJKHUZDWHUFRQWHQW+RZHYHUWKLVH[SHULPHQWLPSOHPHQWHGFORVHGV\VWHP
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WKDQGLGOHDYLQJVSHFLPHQVDWURRPWHPSHUDWXUH7KLVLQGLFDWHVWKDWIUHH]LQJIRUFHGWKHGLVFKDUJHRI
SDUWLFOHSRUHZDWHU
%HFDXVHWKHFKDQJHVXQGHUFORVHGFRQGLWLRQVZLWKZHWRUVDWXUDWHGVSHFLPHQVZHUHODUJHUZHFDQ
DOVRFRQFOXGHWKDWIRUFHGH[SXOVLRQRISDUWLFOHSRUHZDWHULQWRYRLGVGXHWRIUHH]LQJZDVDIDFWRULQWKH
LQFUHDVHLQIURVWKHDYHDPRXQWZLWKDKLJKHUQXPEHURIF\FOHV7KLVSKHQRPHQRQZRXOGDOWHUWKHYRLG
VWUXFWXUH WKXV OLNHO\ DIIHFWLQJ &%5 +RZHYHU H[SDQVLRQ ZDV VHHQ XQGHU RQO\ ZHW DQG VDWXUDWHG
FRQGLWLRQVQRWDLUGULHGFRQGLWLRQVVRZHPXVWFRQVLGHURWKHUSRVVLEOHIDFWRUV
)LJXUHVKRZVDVFKHPDWLFRISDUWLFOHSRUHZDWHUPRYHPHQWGXHWRIUHH]LQJ:KHQVRLOSDUWLFOHV
DUHVXEMHFWHGWRORZWHPSHUDWXUHWKHWHPSHUDWXUHRIWKHSDUWLFOHVXUIDFHLVORZDQGWKDWRILWVLQWHULRULV

)LJXUH&KDQJHVLQIURVWKHDYHDPRXQWZLWK
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
UHODWLYHO\ KLJK LQ WKH LQLWLDO VWDJH UHVXOWLQJ LQ D WHPSHUDWXUH JUDGLHQW ZLWKLQ WKH SDUWLFOH 7KLV
WHPSHUDWXUH JUDGLHQW FDXVHV ZDWHU WR IORZ LQ WKH GLUHFWLRQ RI WKHUPDO IORZ $V WLPH SDVVHV WKH
WHPSHUDWXUHZLWKLQWKHSDUWLFOHHTXDOL]HVFDXVLQJZDWHUPRYHPHQWWRVWRS:KHQWKDZLQJRFFXUVXQGHU
WKHVH FRQGLWLRQV WKH SRUH ZDWHU FRQWHQW LQ WKH DUHD RI WKH SDUWLFOH VXUIDFH LQLWLDOO\ LQFUHDVHV DQG
UHIUHH]LQJFDXVHVIXUWKHUDFFXPXODWLRQRIZDWHUQHDUWKHVXUIDFH
7KLVUHVHDUFKXVHGDVLPSOLILHGPHWKRGWRLQYHVWLJDWHPRYHPHQWRISDUWLFOHSRUHZDWHUDVDUHVXOWRI
IUHH]LQJEXWLIWKHVHUHVXOWVLQGLFDWHPRYHPHQWGXHWRWHPSHUDWXUHJUDGLHQWVLWFDQEHFODVVLILHGDVD
IURVWKHDYHSKHQRPHQRQ)URVWKHDYHLVJHQHUDOO\FRQVLGHUHGWREHDSKHQRPHQRQSHFXOLDUWRVRLOEXW
WKHUHDUHUHSRUWVRIIURVWKHDYHLQURFNDQGPRUWDUZLWKWKHVDPHPHFKDQLVPDVIURVWKHDYHLQVRLO,WKDV
EHHQVKRZQWKDWVXFKIURVWKHDYHLVFDXVHGE\WHPSHUDWXUHJUDGLHQWLQGXFHGLQWHUQDOPRYHPHQWRIZDWHU
FRQWDLQHGLQSDUWLFOHV
 0HFKDQLVPRI5HGXFHG%HDULQJ&DSDFLW\GXHWR)UHH]H±7KDZ(IIHFWV
)URPWKHUHVXOWVIRU&DERYHZHIRXQGWKDWIUHH]LQJHIIHFWVFDXVHGSDUWLFOHEUHDNDJHDQGWKDW
IRUFHGH[SXOVLRQRISDUWLFOHSRUHZDWHUXQGHUZHWDQGVDWXUDWHGFRQGLWLRQVDOWHUHGWKHYRLGVWUXFWXUH
<HWDV)LJXUHVKRZVSDUWLFOHSRUHZDWHUH[SXOVLRQGXH WR IUHH]LQJZDVDOVRREVHUYHGXQGHURSHQ
FRQGLWLRQVDVVXPLQJDQDLUGULHGVSHFLPHQGHVSLWHDLUGULHGVSHFLPHQVKDYLQJPLQLPDOZDWHUFRQWHQW
DQGWKXVLQVXIILFLHQWFKDQJHWRDIIHFWWKHLUYRLGVWUXFWXUH)LJXUH
$VVXPLQJDUHODWLRQEHWZHHQWKHUHGXFHG&%5VHHQIRUDLUGULHGVSHFLPHQVDQGWKHH[SXOVLRQRI
SDUWLFOHSRUHZDWHUZHFDQFRQVLGHUWKH&%5UHGXFWLRQDVDQHIIHFWRIUHGXFHGLQWHUSDUWLFOHIULFWLRQGXH
WR FKDQJH LQ WKH ZDWHU FRQWHQW RQ SDUWLFOH VXUIDFHV ,I WKLV DVVXPSWLRQ KROGV WKHQ WKH UHGXFHG
LQWHUSDUWLFOH IULFWLRQ LV D WHPSRUDU\FKDQJHGXH WR LQFUHDVHGSRUHZDWHU FRQWHQW DQG WKHUH LV DKLJK
OLNHOLKRRGWKDW&%5ZLOOEHUHVWRUHGE\UHGXFLQJSRUHZDWHUOHYHOV
)LJXUHVKRZVFKDQJHVLQ&%5ZKHQWKHWKDZLQJWLPHIURPFRPSOHWLRQRIKRIIUHH]LQJXQWLO
WKH&%5WHVWZDVH[WHQGHGIURPGD\VWRDPD[LPXPRIGD\V:HFDQVHHWKDWZKLOHH[WHQGLQJWKH
WKDZLQJWLPHIRUZHWDQGVDWXUDWHGVSHFLPHQVGLGQRWFKDQJHWKHLU&%5WKH&%5RIDLUGULHGVSHFLPHQV
LQFUHDVHGZLWKORQJHUWKDZLQJWLPHVXSWRRIWKHXQIUR]HQYDOXHE\WKHVHYHQWKGD\7KLVVXJJHVWV
WKDWWKHUHGXFHG&%5RIDLUGULHGVSHFLPHQVLVGXHWRUHGXFHGLQWHUSDUWLFOHIULFWLRQUHVXOWLQJIURPWKH
WHPSRUDU\LQFUHDVHLQSDUWLFOHVXUIDFHZDWHUFRQWHQWFDXVHGE\IUHH]LQJHIIHFWVDQGWKDWVXUIDFHZDWHU
GHFUHDVHVZLWKWKHSDVVDJHRIWLPHUHVWRULQJ&%5
,QFRPSDULVRQDODUJHDPRXQWRIZDWHUZDVH[SHOOHGGXHWRIUHH]LQJLQZHWDQGVDWXUDWHGVSHFLPHQV
DQGWKLVFDXVHGLUUHYHUVLEOHFKDQJHVLQWKHYRLGVWUXFWXUHWKDWSUHYHQWHG&%5UHFRYHU\7KHILQGLQJWKDW
:DWHUFRQWHQW
FRQGLWLRQV
6WDWHRIWKHSDUWLFOHSRUH
ZDWHU
9RLGVWUXFWXUH %HDULQJFDSDFLW\
%HIRUH
IUHH]LQJ
$IWHU
IUHH]LQJ ,PDJH &KDQJH
9DULDELOLW\
)DFWRU

'U\
   
1RQH 1RQH

$LUGULHG
   
1RQH 5HYHUVLEOH&KDQJHRIIULFWLRQ

:HW
 
0HGLXP ,UUHYHUVLEOH&KDQJHRIVWUXFWXUH

6DWXUDWHG
 
%LJ ,UUHYHUVLEOH&KDQJHRIVWUXFWXUH
7DEOH%HDULQJFDSDFLW\FKDQJHVGXHWRSDUWLFOHIRUPDIWHUIUHH]LQJ
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
RIWKH&%5RIDLUGULHGVSHFLPHQVZDVUHFRYHUHGVXSSRUWVWKHLGHDWKDWSDUWLFOHEUHDNDJHKDGD
UHODWLYHO\VPDOOHIIHFWRQ&%5
7DEOHVXPPDUL]HVWKHEHDULQJFDSDFLW\UHGXFWLRQGXHWRIUHH]H±WKDZHIIHFWV3DUWLFOHSRUHZDWHU
PRYHVWRWKHSDUWLFOHVXUIDFHDVDUHVXOWRIIUHH]LQJOHDGLQJWRFKDQJHVLQLQWHUSDUWLFOHIULFWLRQDQGYRLG
VWUXFWXUH7KHDPRXQWRIWKDWFKDQJHYDULHVZLWKZDWHUFRQWHQWDQGLIRQO\LQWHUSDUWLFOHIULFWLRQFKDQJHV
WKHUHGXFHGEHDULQJFDSDFLW\FDQEHUHVWRUHG+RZHYHUEHDULQJFDSDFLW\FDQQRWEHUHVWRUHGLIWKHYRLG
VWUXFWXUHLVVLJQLILFDQWO\DOWHUHG
 (IIHFWVRI)UHH]H±7KDZ+LVWRU\LQ&RPSDULVRQ6SHFLPHQV
:HDOVRLQYHVWLJDWHGWKHHIIHFWVRIIUHH]H±WKDZKLVWRU\RQ&%5DQGSDUWLFOHSRUHZDWHUIRUPDWHULDOV
RWKHUWKDQ&)LJV±$OOVSHFLPHQVVKRZHGUHVXOWVVLPLODUWRWKRVHRI&,QSDUWLFXODUWKH
GULHGDQGDLUGULHG VSHFLPHQVKDGKLJKO\ VLPLODU UHODWLRQVZLWK&%5 VXSSRUWLQJ WKHYDOLGLW\RIRXU
ILQGLQJVIRU&,QRWKHUZRUGVHYHQLQWKHFDVHRIJUDQXODUPDWHULDOVUHVLVWDQWWRIURVWKHDYHDSSO\LQJ
DIUHH]H±WKDZKLVWRU\FDQFDXVHPRYHPHQWRISDUWLFOHSRUHZDWHUWKHUHE\DIIHFWLQJEHDULQJFDSDFLW\
)LQDOO\ZHQRWHWKDWZKLOHZHKDYHIRFXVHGRQWKHH[WHQWRIZDWHUDEVRUSWLRQEHFDXVHSDUWLFOHSRUH
ZDWHUFRQWHQWDIIHFWVEHDULQJFDSDFLW\DV7DEOHVKRZVWKHUHGXFWLRQLQVWUHQJWKGXHWRIUHH]H±WKDZ
F\FOHV LV QRW QHFHVVDULO\ UHODWHG WRZDWHU DEVRUSWLRQ DORQH 7KLV VXJJHVWV WKDW RWKHU IDFWRUV VXFK DV
SDUWLFOHIRUPDQGKDUGQHVVPLJKWDOVREHLQYROYHGLQEHDULQJFDSDFLW\



)LJXUH&KDQJHVLQ&%5GXHWRIUHH]H±WKDZ
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
 &RQFOXVLRQV
:HIDEULFDWHGDIUHH]H±WKDZ&%5WHVWLQJDSSDUDWXVDQGXVHGLWWRLQYHVWLJDWHWKHHIIHFWVRIIUHH]H±
WKDZKLVWRU\RQWKHEHDULQJFDSDFLW\RIJUDQXODUVXEEDVHPDWHULDOV2XUPDLQILQGLQJVDUHDVIROORZV
࣭ )RUDOOIRXU&EDVHGVSHFLPHQVIUHH]H±WKDZF\FOHVUHGXFHG&%5
࣭ 5HSHDWHGIUHH]H±WKDZF\FOHVH[SHOOHGSDUWLFOHSRUHZDWHULQDVWHSZLVHPDQQHU
࣭ ([SXOVLRQRISDUWLFOHSRUHZDWHUWKURXJKIUHH]LQJDOWHUHGWKHYRLGVWUXFWXUHRIZHWDQGVDWXUDWHG
VSHFLPHQVZLWKKLJKZDWHUFRQWHQW
࣭ (YHQVSHFLPHQVZLWKOLWWOHZDWHUFRQWHQWHJDLUGULHGVSHFLPHQVH[KLELWHGUHGXFHG&%5GXHWR
UHGXFHGLQWHUSDUWLFOHIULFWLRQUHVXOWLQJIURPDWHPSRUDU\LQFUHDVHLQSDUWLFOHVXUIDFHPRLVWXUHFDXVHG
E\IUHH]LQJHIIHFWV
࣭ )DFWRUVUHODWHGWRUHGXFHGEHDULQJFDSDFLW\IURPIUHH]H±WKDZHIIHFWVZHUHH[SODLQHGE\FKDQJHVLQ
LQWHUSDUWLFOHIULFWLRQDQGYRLGVWUXFWXUHDVVRFLDWHGZLWKPRYHPHQWRISDUWLFOHSRUHZDWHU
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